The env gene of SIV and HIV-I encodes a single glycoprotein gp160, which is processed to give a noncovalent complex of the soluble glycoprotein gp120 and the transmembrane glycoprotein gp41. The extracellular region (ectodomain), minus the N-terminal fusion peptide, of gp41 from HIV-1 (residues 27-154) and SIV (residues 27-149) have been expressed in Escherichia coli. These insoluble proteins were solubilized and subjected to a simple purification and folding scheme, which results in high yields of soluble protein. Purified proteins have a trimeric subunit composition and high a-helical content, consistent with the predicted coil-coil structure. SIV gp41 containing a double cysteine mutation was crystallized. The crystals are suitable for X-ray structure determination and, preliminary analysis, together with additional biochemical evidence, indicates that the gp41 trimer is arranged as a parallel bundle with threefold symmetry.
yet unidentified second receptor on the target, cell or by direct insertion in the target cell membrane.
The N-terminal region of gp41 exposed on the outer surface of the viral membrane is called the ectodomain and portions of this -150 residue sequence from both HIV and SIV have been expressed recently in Escherichia coli Lu et al., 1995) . Protein expressed in E. coli was digested proteolytically into two small subdomains comprising residues 28-80 (Ndomain) and 107-149 (C-domain), eliminating a cysteine-containing sequence. When the N and C domains were mixed, they formed a stable helical hexameric complex consisting of three sets of the N+C peptides. Based on these findings, these authors proposed a model for the gp41 ectodomain of a parallel trimeric coiled coilcoil of the N-domain encircled by three C-domains with the N-and C-domain helices arranged antiparallel to one another. A soluble form of the HIV ectodomain (residues 21-166) produced in insect cells (Weissenhorn et al., 1996) was also an oligomeric protein with a high a-helical content. Electron microscopy of this glycoprotein indicated a rod-like shape, which the authors propose is in the membrane fusion-active, extended structure, analogous to the influenza virus hemagglutinin in its low-pH-induced conformation (Bullough et al., 1994) .
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In this paper, we report on the expression of the SIV gp41 residues 27-149 and the HIV gp41 residues 27-154 (HIV gp4127-154) in E. coli. The regions expressed do not contain the N-terminal fusion domain. A simple purification and folding scheme is described that takes advantage of the acid stability of the gp41 proteins. Characterization by CD and analytical ultracentrifugation indicate proteins with a secondary structure consisting of >SO% a-helix and a trimeric subunit composition. In both the HIV and SIV proteins, the two cysteines in a putative loop region were substituted by alanine residues in order to enhance the physical properties of the proteins. Crystallization of the SIV @I 27-149 with the double cysteine to alanine mutation into diamondshaped plates is described. Preliminary X-ray diffraction analysis, together with other biochemical evidence, indicate that the SIV gp41 27-14" trimer is a parallel bundle.
Results

Protein purification and folding
SIV gp41 '7-140 and HIV gp41 27-15' accumulated as insoluble proteins when expressed in E. coli. The expression level of the SIV protein was extremely high (Fig. 2, lane B) and similar in both complex and minimal media. HIV gp41 27-15' was expressed at about IO-20% of the level of the SIV protein (data not shown).
Insoluble protein was extracted with guanidine-HCI and purified by one step of gel filtration, also in the presence of guanidine-HCI (Fig. 1) . Analysis of protein in the main peak (labeled 6 in Fig. 1 ) by analytical ultracentrifugation and CD indicated that it was monomeric and unfolded (data not shown). Protein in peak 6 was used for further processing, and other protein. which was either folded partially or aggregated (e.g., peaks 1-4 in Fig. I) , was discarded. Prior to folding the protein, the guanidine-HC1 was exchanged by reverse phase (RP)-HPLC for acetonitrile-TFA. Although this step provided little in the way of extra purification, we observed that folding protein from this solvent was more efficient (higher yielding) than folding directly from guanidine-HCl. Protein was folded by dialysis against a weakly acidic, pH 3.0. buffer. At this pH, the protein assumed a native-like conformation (see below for detail) and had much a higher solubility than at higher pH values, for example, greater than 4.5. We also observed that the solubility of the protein was higher at low ionic strengths; hence, salt was omitted from the folding buffer.
After concentration of the folded protein, a small amount of aggregated protein formed that was removed by gel filtration in the presence of 10% (v/v) 2-propanol. It was observed that, in order to gel filtrate moderately concentrated protein (>5 mg/mL) on either silica-based or dextran-based (e.g., Superdex) matrices, a solvent additive was required to prevent the protein from sticking (adsorbing) to the column. 2-Propanol (IO-20%) or 200 mM guanidine-HCI were both useful in this respect and neither additive perturbed the overall tertiary structure of the protein as evidenced by near-UV CD (see below).
Using minimal media for fermentation, we obtained about 
Phvsicochemical characterization
N-terminal sequencing of both the wild-type and mutant SIV proteins indicated that, in both cases, about 95% of the initiating N-formylmethionine had been processed and the N-terminus was alanine, corresponding to residue 27 of the native sequence. MALDI-TOF mass spectrometry of the SIV wild-type and mutant proteins (data not shown) gave mass values within 0.05% of that predicted from the respective coding DNA sequences (Le., 14, 480 and 14, 416) . SDS-PAGE of the purified proteins showed single bands with molecular weights of about 14.000-15,OOO (Fig. 2 , lanes C and D; data for HIV protein not shown). Gel analysis was also performed on samples preincubated for several days without reductant present in the buffer, then treated with SDS-PAGE sample buffer also without reductant. As expected, the SIV mutant protein gave the same result as reduced protein (Fig. 2 , compare lanes D and F), whereas the wild-type protein now exhibited two additional bands (Fig. 2 , lanes G and H) corresponding in molecular weights to dimer and trimer. Quenching free sulfhydryl with iodoacetamide prior to addition of the SDS-sample buffer resulted in a more intense trimer band ( Fig. 2G ). This indicates that sulfhydryl groups in the wild-type protein are capable of forming intermolecular crosslinks with neighboring subunits (discussed further below). Native molecular weights were determined by sedimentation equilibrium measurements. Typically at pH 3.5, SIV gp41 27"y in the presence of reductant [5 mM dithiothreitol (DTT)] has a molecular weight of about 38,000-39,000. indicating that, under these conditions, the protein is a trimer (mass predicted from DNA coding sequence: 43,440). When reductant is omitted from the buffer, a higher average mass of about 45,000 is observed; it is also apparent that there is a small amount of aggregation, which increases over time. In contrast, the SIV gp41 2"14" with the double cysteine mutation in the absence of reductant gave an average mass of about 36,000-38.000, Le., slightly lower than predicted for a stable trimer (43,249), but similar to the reduced wild-type protein. The data for the mutant and wild-type protein, the latter in the presence of reductant, were best modeled by assuming a reversible monomer-trimer association with a determined self association constant ( K O ) of -1.5 X IO" M-'. This can be compared with a K,, of 4.8 X 10" M-' determined for the analogous HIV gp412"'54 cysteine mutant. In practical terms, these association constants predict, for example, that at 1 mg/mL (69 pM monomer) -7% (SIV) and -5% (HIV) of the gp41 proteins are monomeric.
Conformation and shape
The overall conformation was examined by CD. For the SIV wildtype and double cysteine mutant proteins, the similarity in the far-W and the near-UV (conformational fingerprint region) suggests that the two proteins have similar overall secondary and tertiary conformations. Using the far-UV circular dichroic spectra (Fig. 3A) , it was estimated, using several methods (Chang et al., 1978; Perczel et al., 1992; Sreerama &Woody, 1993) , that both the wild-type and mutant proteins are constituted of about 80% cy-helix. It has been observed with other proteins containing helical coilcoil motifs (see, for example, Monera et al., 1994) . that the far-UV spectrum is not very sensitive to changes in tertiary structure. For example, the SIV gp41 double cysteine mutant in 20% acetonitrile, 0. I % TFA (solvent used for reverse phase chromatography), appears fairly well structured in the far-UV region, with only a small decrease in the ellipticity at 220 nm compared with that at 209 nm (Fig. 3A, spectrum 3 ). Contrast this with the complete loss of native-like signal in the near-UV region (Fig. 3B, spectrum 3) . We examined the conformation of the protein over a fairly wide range of pH (3-9.5) in aqueous buffers and saw little change in the spectral properties. Although the mildly acidic solvent used for folding and analysis may be considered nonphysiological, the proteins obviously exhibit acid stability and, as mentioned above, are much more soluble at low pH. In the far-UV region, the CD spectra of the HIV and SIV proteins are very similar, indicating similar cy-helical secondary structure (compare Fig. 3A , spectrum 2 and Fig. 3C ). In the near-UV region, both proteins exhibit a main peak of negative ellipticity at around 292 nm; the HIV protein has a second negative peak at 285-286 nm (Fig. 3D) , whereas the SIV protein has a weak shoulder at this wavelength (Fig. 3B, spectrum 2) . Other features of the two spectra are similar. In the HIV and SIV proteins, there are six conserved Trp residues, HIV gp41 27-1s4 has one additional Trp at position 103, which must account for the spectral differences in otherwise apparently similarly folded proteins.
Information on the shape of the protein can be obtained by sedimentation velocity analysis because the sedimentation coefficient (s) is shape dependent (Van Holde, 1975 ). If we consider gp41 to be a simple sphere of molecular weight about 44, OOO. with a typical hydration value of 0.35 g water per g protein, it would be expected to have an s value of about 3.8. The observed s values for the SIV and HIV proteins of 2.8 and 3.0 are significantly lower, and indicate extended or rod-like structures (see the Discussion).
Ctytallographic characterization of gp41
Crystals of the mutant gp41, grown from MPD (Fig. 4) , diffracted to 3.8 A. Both R-axis (Higashi, 1990) and DENZO (Otwinowski, 1993) postrefinement of a partial data set, unit cell dimensions were a = 94.1 A, b = 50.5 A, c = 75.1 A, CY = y = 90", p = 100.7". In space group C2, the unit cell is divided into four asymmetric units related by twofold symmetry and 2, screw axes, where all symmetry axes are parallel to the unit cell b axis (Fig. 5B) . The volume per Da of protein, the Matthews coefficient (Vm), is 2.14 A3/Da when calculated for a trimer of SIV gp412"'49 in the asymmetric unit. This value is in the center of the typical range for globular proteins (Matthews, 1968) .
Rotation functions (Rossmann, 1990) were calculated to characterize the molecular symmetry of the asymmetric unit and to determine the orientation of the symmetry axis within the unit cell. Although only a partial data set was collected (Table 1) . the rotation function calculation was sufficiently robust to yield an unambiguous result. A search for threefold symmetry, conducted in polar coordinates, revealed a single peak that was consistent for several ranges of resolution (see Tong & Rossmann, 1990) . The peak shown in Figure 5A is 11.9 cr above background. A fine search identifies the coordinates of this peak as 4 = 207.4", CC, = 90", and K = 120". Thus, the threefold axis is perpendicular to the crystallographic twofold b axis and is 62.6" from the crystallographic c axis (Fig. 5B) . Because the noncrystallographic symmetry axes are perpendicular to the crystallographic twofold axis, crystallographic symmetry requires that all four molecules in the (Tong & Rossmann, 1990 ) demonstrates a noncrystallographic threefold axis that is perpendicular to the crystallographic twofold b-axis. A search for threefold symmetry using data from 7 to 4 8, resolution yields a major peak (1 1.9 u) at @ = 207.4" and V = 90.0". The same peak is found using several different fragments of the data set, varying resolution ranges and the number of large terms. The relationship between crystallographic and rotation function coordinate systems is defined in Rossmann and Blow (1962) unit cell be in parallel orientations. We find no evidence for twofold and fourfold noncrystallographic symmetry in other rotation function searches. In light of the C2 symmetry and the noncrystallographic threefold axes, we tested and found that this unit cell cannot be reduced to a smaller cell with R32 symmetry (see Zlotnick et al., 1993) . 
Discussion
Protein production
Both the SIV and HIV proteins were expressed in E. coli at very high levels and, following protein folding, about 70-80% of the protein was recovered as soluble protein.
Other investigators have commented on the low solubility of the glycosylated HTV gp4l2"I6' (Weissenhom et al., 1996) and the insolubility of the E. coliproduced HIV gp41 29"s8 under physiological conditions . The formation of antibody complexes (Weissenhorn et al., 1996) or proteolytic digestion (Lu et al., 1996) were approaches used to increase or solubilize these proteins. In this report, the use of mildly acidic solvents for folding the protein was the key to both eliminating aggregation during protein folding and the ability to maintain the protein at concentrations >20 mgjml. At solvent pH values above 3.0, based on the near-UV CD spectra, the proteins appear to have a native-like conformation and not a molten globule-like structure typical of some acid-denatured proteins (Christensen & Pain, 1994) . Sedimentation equilibrium analysis and SDS-PAGE under nonreducing conditions both indicate a trimeric quaternary structure. We observed that the solubility of the protein dropped off markedly above pH 4.0; however, the solubility and conformation of the protein can be maintained in higher pH buffers by the inclusion of various alcohols, especially 2-propanol (up to 20%) and tertiary butyl alcohol (up to 50%) with no change in structure. Apart from the ability to crystallize the SIV-derived protein from acidic pH buffers, the protein at pH 3.0-3.5 is well suited for structure determination using multidimensional NMR methods (data not shown).
Subunit orientation and shape
The crystallographic data, the V,, and the rotation function result indicate that SIV gp41 is trimeric with threefold symmetry, in agreement with the analytical ultracentifugation analyses. An irnportant implication of the rotation function result is that the SIV gp41 trimer is a bundle of parallel subunits, related to the proposed trimer of the 43 and 53 residue fragments of gp41 reported by Blacklow et al. (1995) .
We have shown that, in the wild-type SIV protein in the absence of reductant, even at pH 3.0-3.5, intermolecular disulfide bond formation occurs by air oxidation (Fig. 2, lanes G and H) . This crosslinking must be between the subunits of the native trimer Pi? Wingfield et al. rather than between subunits of different trimers, because the molecular weight of the oxidized protein was close to that of a trimer and not, for example, a hexamer (unreported analytical ultracentrifugation data). Hence, in the trimer, the a-carbon of one cysteine residue from one subunit must be in close proximity, between 4.6 and 7.4 A (Thornton, 1981) , to a cysteine from a second subunit.
It follows, given that at least two intermolecular crosslinks are required to form a covalent trimer, that a second cysteine on either the first or second subunit must, in turn, be in close proximity to a cysteine on the third subunit. The disulfide crosslinking pattern supports the crystallographic data (discussed above), which indicates the subunits are orientated parallel with respect to one another, and which would cluster the cysteine containing loop regions.
If we assume that the trimeric gp41 protein is a rod-shaped molecule, then following the approach used by Beck et al. (1996;  see their Fig. 2B ), we can calculate predicted s values as a function of rod length. If we compare the predicted values with the actual determined s values of 3.0 for the HIV gp412"'s4, we get an estimate of about 12 nm for the length of the trimer using a hydration value of I g water per g protein (Beck et al., 1996) . Lower hydration values result in greater predicted lengths of the rods. Electron microscopy of a glycosylated HIV gp41 " L "~ produced in insect cells (Weissenhorn et al., 1996) indicated a length of 12.5 t-1.3 nm, which is within the error of the value we have determined by hydrodynamic methods. This supports the view that the conformation of the gp41 ectodomain is not influenced markedly by glycosylation or the relatively low pH.
In trimeric coiled coil-coil structures, there is a rise of 0.145 nm per residue (Ogihara et al., 1997). Therefore, a 12-nm long coiledcoil would require about 80 residues. Kim and coworkers Lu et al., 1995) suggested a model for the gp41 trimer based on the structure of proteolytic fragments in which each subunit is an a-helical hairpin with N-terminal54-residue and C-terminal 46-residue helices; if correct, the length of the helical region would be about 8 nm long. In the unprocessed protein used in this study, we have only the loop regions of about 20 residues per subunit to make up the 4-4.5 nm difference in length. An alternative suggestion, based on the low-pH-induced model of the influenza virus (Bullough et al., 1994) , is that each subunit in the trimer consists of one extended helix rather than a helix-turn-helix. This extended helix is estimated to contain between 90 and 100 residues. Based on the work presented herein and the analysis of crystals that diffract to 2 A, we can expect a high-resolution structure of the gp41 ectodomain in the near future, which will resolve these issues.
Materials and methods
Plasmid construction and protein expression
DNA encoding gp41 residues Ala-27-Ser-149 from SIV,,,239 (Kestler et al., 1990) were generated as an Nde I-BamH I fragment using PCR as described by Scharfet al. (1986) and cloned into the expression vector pETlla (Studier et al., 1990) . Residues 27 and 149 correspond to 552 and 674 of the SIV env gene . The double mutant, C86A, C92A, was made by changing the codons encoding cysteines at positions 86 and 92 to those encoding alanine using PCR (Vallette et al., 1989) . DNA coding gp41 residues Thr-27-Lys-I54 from HIV strain HXB2, with the cysteines at positions 87 and 93 mutated to those encoding alanine, was similarly cloned into pETlla. (Residues 27 and 154 correspond to 538 and 665 of the HIV env gene.) Protein expression was made with host cells BL21 (DE3) transformed with the expression vector. Fermentations in complex and minimal media were as described previously (Yamazaki et al., 1996) .
Protein purification
Cells were suspended in 100 mM Tris-HCI, pH 8.0, containing 10 mM EDTA. Cell breakage and preparation of insoluble inclusion body protein were as described previously (Yamazaki et al., 1996) , except that urea and Triton X-I00 were excluded from the washing buffer. The final washed pellet was solubilized with 50 mM Tris-HCI, pH 8.0, containing 8 M guanidine-HCI and 50 mM DTT and the slightly cloudy solution was clarified by centrifugation at 100,000 X g for 30 min and applied at 5 mL min-l to a column 6.0 cm X 60 cm of Superdex 200 (Pharmacia Biotech) equilibrated with 50 mM Tris-HCI, pH 8.0, containing 4 M guanidine-HCI and 10 mM DTT. The column was eluted at 5-mL min" and 20-mL fractions were collected. Fractions were analyzed by SDS-PAGE after removal of the guanidine-HCI using the method of Pepinsky (1991) . The guanidine-HC1 concentration in the protein solution was increased to about 6 M and the protein concentrated by ultrafiltration in a stirred cell with a Diaflo PMlO membrane (Millipore-Amicon) to about 20 mg/mL. Protein at this stage could be stored at -80 "C.
Protein folding
Protein, 10 mL at -20 mg/mL in 6 M guanidine-HCI, was applied to a 1 cm X 10 cm column of Source 15 RPC (Pharmacia-Biotech) equilibrated with 0.1% TFA in water at room temperature. The protein was eluted using a linear gradient (10 column volumes) of 0-70% acetonitrile in 0.1% TFA. Wild-type protein eluted with -40% acetonitrile, whereas the double cysteine to alanine mutant eluted with -20% acetonitrile. The protein concentration of the eluate was adjusted to -0.5 mg/mL with 50% acetonitrile, the solution was then dialyzed against 6 L (30-50 volumes) of 50 mM sodium formate, pH 3.0. The dialysis was performed at 4°C and the buffer was changed at least once. The clear dialysate was concentrated as described above to 20 mg/mL and in lots of 0.5 mL applied to a column 7.5 mm X 300 mm of TSK-2000 SW (Beckman) equilibrated at room temperature with 50 mM sodium formate, pH 3.0, containing 10% 2-propanol. Protein was eluted at 3 mL/min and the second (main) peak from the column collected. The pooled protein was dialyzed against 50 mM sodium formate, pH 3.0, concentrated as described above to -15-20 mg/mL, and sterile filtered using a Millex-GV 0.22 p n filter unit (Millipore). The folding protocol for the wild-type and mutant proteins was identical except that 2.5 mM DTT was included in the dialysis buffers for the former.
Determination of protein concentration
The protein concentration of purified proteins was determined by measuring absorbances at 280 nm in a 1-cm pathlength cell using a double-beam, diode array Hewlett-Packard 8450A UV/VIS spectrophotometer. The molar absorbance coefficients ( E ) of native proteins were calculated from the amino acid compositions according to Wetlaufer (1962) . Values of 36.8 mM" cm" (Ao.'% = 2.54) for both the SIV wild-type and double cysteine mutant and 42.50 mM" cm" (Ao.'% = 2.85) for the HIV double cysteine mutant were used.
